The wall of the ventricle contracts inhomogeneously during an isovolumic beat of an isolated, intact frog ventricle. Some epicardial segments actually lengthen while the pressure is rising. Almost simultaneously, the early repolarization phase of the monophasic action potential recorded from such a segment is accelerated, compared to the same phase for an isotonic beat in which the segment shortens. Segment lengthening during the isovolumic beat also may be seen during the late repolarization phase when, in contrast to the above, it produces an afterdepolarization. These electrical changes disappear when isotonic contraction is restored. Corroborative findings were obtained from microelectrode and insulated gap recordings from isolated frog ventricular strip. Both electrical changes can be seen clearly when the segment is lengthened by intraventricular injections of Ringer's solution. There also is a short transition period toward the end of the action potential plateau when lengthening produces neither depolarization nor repolarization. The accelerated repolarization is manifest as a shortening of the Q-T interval in the ventricular electrogram. In all experimental preparations, the afterdepolarizations reached threshold for a propagated action potential. This mechanism may explain the generation of extrasystoles in myocardial ischemia.
IT IS WIDELY accepted that during a heart beat there is a progression of events, directionally oriented, which begins with the depolarizing action potential and, via a process of "excitation-contraction coupling," leads to contraction of the muscle. 1 ' 2 From the observations in this report and elsewhere, 3 " 8 it is suggested that the process is not strictly undirectional. When heart muscle undergoes active or passive mechanical stress or strain, electrical records from the muscle change. Thus the observations on intact frog ventricle presented here, supplemented by studies on isolated ventricular strips, indicate that the mechanics of contraction can influence action potentials and ECG. Furthermore, the mechanism(s) involved can induce opposite polarizing effects, depending on the time of occurrence of an epicardial distortion during the cardiac cycle. These experiments may have some clinical relevance in that the mechanically induced changes may alter the T wave repolarizing vector and be related to the generation of ectopic beats in ventricular myocardium.
Methods

Intact Isolated Ventricle
Frog hearts, obtained from animals that were killed by pithing, during winter and summer, were used in the experiments. The ventricular chamber was cannulated and perfused via the aorta. The cannula was connected to a tap constructed to allow isovolumic or free-loaded contraction, the continuous recording of intraventricular pressure, and rapid externally imposed changes in ventricular volume. Monophasic action potentials from the epicardium and the relative movement of two points on either side of the electrode, monitored by a caliper, were recorded simultaneously (Fig. 1 ).
Perfusion System
The ventricles of frogs (Xenopus laevis) were cannulated via the aorta and perfused with continually oxygenated Ringer's solution (NaCl, 111.3 ITIM; KC1, 1.8 ITIM; CaCl 2 , 1.08 HIM; Na HCO 3 , 2.4 mM) at room temperature which varied between 20 and 22°C. The cannula was in two sections: a small cannulating section which connected the ventricle to a piston tap and a second vertical section glued to the other end of the tap. A pressure head of 2-3 cm in the cannula provided adequate diastolic filling of the ventricle. The diameter of the ventricle was adjusted by varying the pressure head against which it worked, to be approximately the same as that observed in the intact frog with the chest open. The volume moving up and down the single perfusion cannula with each beat was between 0.1 and 0.3 ml. The contractions were thus freeloaded unless the cannula was closed by the tap, as described below, in which case the contractions were isovolumic. The atria usually were left intact and the heart allowed to beat spontaneously at between 20 and 30 beats/min, but in some cases the atria were tied off and the ventricles electrically stimulated at 24 beats/min.
Piston Tap
Construction. The piston tap consisted of an outer cylinder with a piston inside. The cannula from the ventricle was inserted into a sealing ring in the wall of the outer cylinder. There were holes running through the piston in different directions so that the position of the piston could determine to which of the resevoirs of fluid the ventricle was connected. There were three basic positions of the tap: for free-loaded (auxotonic) contraction, for isovolumic contraction, and for rapid, externally imposed changes in ventricular volume. Ventricular pressure could be monitored at any of the positions.
Operation of the Tap. The relevant position of the piston and thus alignment of the appropriate holes were chosen by setting a mechanical stop onto which the piston was driven by gas under pressure. As shown in Figure 1 , the three-way solenoid valve releasing the gas under pressure was opened by the closing of gated relay, 2, controlled by a "Digitimer" (Devices). The piston was spring-loaded and returned, aided by vacuum, when the valve switched back. The "Digitimer" was triggered by a Schmitt Trigger (B) into which the action potential was fed.
Injecting System
Intraventricular injections and withdrawals were accomplished by a motor-driven syringe which was operated when another relay, 1, closed at times preset by the "Digitimer." The relay allowed current to flow first in one then in the other direction to drive the motor forward and then in reverse.
Recording System
Monophasic action potentials from the epicardium were recorded by means of suction electrodes (C) after the method of Hoffman, et al. 9 These authors have drawn attention to some of the pitfalls in the interpretation of the records obtained by this method of recording. However, interest in the present studies is centered on the A -»•!' H FIGURE 1 Diagram of experimental arrangement. The frog ventricle was cannulated and attached to the cylinder of the piston. The motor driven syringe was operated by Relay 1 and a "Digitimer." A three-way solenoid valve was connected to a pressure cylinder operated by Relay 2. A, vacuum; B, Schmidt-trigger; C, suction electrode; D, caliper; E, electrocardiogram; F, pressure transducer; G, photoelectric circuit to monitor plunger of syringe;' H, multichannel pen recorder; I, storage oscilloscope; J, marker. slower time course changes, for example, the repolarization phase of the monophasic action potential which is not qualitatively different from the repolarization phase found in transmembrane action potentials recorded through a microelectrode. 9 The suction electrode recording was fed into one input of a high input impedance differential amplifier. The other input was a wick electrode on the ventricle. The precise location of the wick did not affect the nature of the recording obtained.
The relative movements of two points on either side of the electrode were monitored by a photoelectric caliper (D) placed either longitudinally or transversely. This caliper was also attached by suction and recorded roughly unidimensional changes in the chord length of the segment studied. 10 The construction of the caliper did not allow for "shearing" between the points of attachment of the caliper to the epicardium. A bipolar electrogram (E, Fig. 1 ) was recorded from two epicardial wick electrodes, soaked in Ringer's solution, or with one electrode in the intraventricular perfusing fluid. Intraventricular pressure was monitored with a pressure transducer (F), and the volumes injected into the ventricle were monitored by means of a graded density film attached to the plunger of the motordriven syringe. The film interrupted a light source to a phototransistor (G)." The signals from transducers and electrodes were fed into a multichannel pen recorder (H) (Devices) and storage oscilloscope (I) (Tektronix).
Confirmatory Records from Frog Ventricular Strips lntracellular Recordings
A ring of muscle was cut from the base of the frog ventricles (Rana pipiens), connective and atrial tissues were cut away, and the ring was converted into a strip about 1 mm 2 and 4-8 mm long. The muscle was clamped horizontally in a perfusion chamber and a conventional microelectrode recording system for cardiac muscle was used. 12 The electrodes were floating free from earth and their resistances were not less than 20 Mft. Records of all the attempted impalements were stored on magnetic tape so that those which were successful could be analyzed later. The number of successful impalements was rather low because frog ventricular cells are small and the muscle length was changing. Tension was measured by an RCA transducer.
Insulated Cap Recordings
The method described by Niedergerke 13 was used for these recordings. The strip of ventricle, prepared as described above, was mounted vertically and clamped near one end in a canal 0.5 mm long and 0.5 mm in diameter. The canal was formed by two sliding plates of acrylicic plastic which created a partition between two chambers. Silicone grease in and around the canal completed the separation between the two chambers. The muscle traversed the gap and lay in the chambers; the first chamber containing Ringer's solution and the second isotonic KCL or 0.5% procaine in 7% sucrose. Action potentials recorded across the insulating gap, between the first and second chambers, were 20-60 mV in amplitude. 14 10mv 05 mm Is FIGURE 2 Action potential changes (top trace) and movements of an epicardial segment (middle trace) with cyclic intraventricular pressure changes (bottom trace) due to isovolumic contraction of a frog ventricle indicated by the deflection of the marker (horizontal line). The first two beats show "normal" configuration of action potentials and segment shortening (upward deflection). At point (a) of this record, after the onset of isovolumic contraction, the first part of the repolarization phase of the action potential is accelerated, while the pressure is rising, and the segment lengthens. Note that the segment length during most of the isovolumic contraction is greater than that of the relaxed isotonically contracting ventricle (trough of recording, before isovolumic contraction). During the relaxation phase, when intraventricular pressure declines, the rapid repolarization phase is interrupted (at b) to form a depolarizing afterpotential which does not allow the action potential to return to base line before the next action potential. The ensuing spikes have a reduced amplitude. On resumption of isotonic contraction, the changes are completely reversed.
Tension and length were recorded by a modified strain gauge lever."' 14 -15 
Results
Mechanical and Electrical Changes on Converting Free-Loaded Contraction to Isovolumic Contraction
When the frog ventricle was allowed to contract auxotonically (free-loaded), the action potential displayed the normal configuration except for the reduced amplitude associated with the suction electrode method of recording (first two action potentials on the left side of Fig. 2 ). The same segment of epicardium showed shortening (upward deflection) and relaxation, as expected. The recorded intraventricular pressure fluctuated little, and this was due to the muscle moving a small pressure head of Ringer's solution in the perfusing cannula. However, when the ventricle was made to contract isovolumically at its enddiastolic volume (marker, horizontal trace), changes were seen in both the action potentials and in the pattern of contraction of segments of the epicardium. On closing the aortic outflow at the appropriate time (diastole), the action potential exhibited several phenomena when compared with the auxotonic contraction. It had a faster initial repolarization followed by a delay in recovery which took on the appearance of hump-like afterpotentials. The potential did not reach the same base line as the pre-isovolumic action potential, and the next action potential was reduced in amplitude.
The changes in epicardial segment length were distinct from those found during a free-loaded, auxotonic beat. In Figure 2 , the fibers of the epicardial segment actually lengthened when they were expected to shorten, that is during ventricular contraction per se. This lengthening coincides with the steepening of the plateau phase. Thereafter the segment shortened but, again, at a time when these muscle fibers should "normally" lengthen -when the ventricle relaxes as a whole. The segment length throughout the isovolumic cardiac cycle was greater at any given time than during a free-loaded contraction. Studies of segmental movement on the epicardium of dog ventricle have been carried out previously 16 -17 and, since the time relationship between the mechanical and electrical events of any one segment was the center of interest in this study, the recordings were obtained with the caliper on a convenient surface usually orientated along the longitudinal axis of the surface of the ventricle, anteriorly.
To quantify some of the results, the amplitudes of the action potentials were taken at mid-plateau (at t, inset, Fig. 3 ) and compared before and after aortic closure; the difference was obtained (AV,) and expressed as a percentage of a control amplitude. (This form of expression was desirable because the action potential amplitude obtained by suction electrode varied from preparation to prepara- 
FIGURE 3 Relationship between changes in segment length and changes in action potential (open circles) and after potential (filled circles). An isovolumically contracting empty ventricle was filled progressively to normal end-diastolic volume with 0.05-ml increments. Changes in plateau and afterpotential voltages were measured and plotted against segment length changes (initial length was 3.5 mm). Inset (see text): Control action potential and segment length (solid lines) superimposed on experimental records (dashed lines)
. Changes in potential, V, and segment length, L, were taken at times (, and t 2 ; e.g., L 2 is the change in segment length at t 2 obtained from LC 2 , the control length, and LE 2 the "experimental" length.
VOL. 42, No. 4, APRIL 1978 tion.) The control base-line was established, using actionpotentials before and after aortic closure, and the measurements were made from this line drawn through the greatest diastolic potentials. The peak height of the afterpotential produced on closing the aorta was measured at t 2 (inset, Fig. 3 ) and the percent difference obtained (AV 2 ) was again expressed as a percentage of control plateau height. The time t 2 corresponded in most cases with the middle of the fall in intraventricular pressure and, where the peak of the after potential was not clear, t 2 was put at this mid-fall point. Changes in segment length were expressed in strains AL/L at t, and t 2 (where, for example, AL is the difference in length at t, between pre-and postaortic closure (LE-LC), and L is the control segment length at t t (LC). Correlation coefficients (r) between potentials and lengths at t, and t 2 were 0.52 and 0.235, respectively, with P < 0.001, and between 0.05 and 0.01, respectively.
In one experiment, the ventricle was emptied and refilled in 0.05-ml steps to its end-diastolic volume. At each volume the same measurements as above were made, but at each volume the figures obtained were related to the control values for the empty ventricle. The results are plotted in Figure 3 . Clearly, the greater the length change the greater the change in potential. For a given length change, the change in the plateau was greater than the change in afterpotential. Not all the changes need be present at the same time. Figure 4 shows an unaltered 650 N/m 2
Is
FIGURE 4
The same type of experiment as in Figure 2 but with no obvious accelerated repolarization of the plateau phase of the action potential (top trace) when the ventricle is made isovolumic (marker). In this case, the predominant lengthening of the epicardial segment (middle trace) takes place during the decline of intraventricular pressure (bottom trace), and the length attained is greater than the isotonic diastolic length -left side of picture. At roughly the same time as the segment lengthens, during the isovolumic contraction, the rapid repolarization phase of the action potential is interrupted by a depolarizing afterpotential. plateau phase with the beginnings of a normal (shortening) contraction pattern of the segment of epicardial muscle. Thereafter the segment shows an exaggerated lengthening compared with the same period during isotonic contraction. Associated with the latter, the hump-like after-potential and the rise in base line are observed. Although action potential changes occasionally were seen without segment length changes, only once was a significant length change observed with little accompanying action potential change. These last two observations could be explained if epicardial contraction were inhomogeneous, with the electrode on a segment having a mechanical behavior different from that of the "caliper" segment. Fisher et al., IB in fact, found no distinct regular pattern of epicardial length changes in their experiments. It is likely that epicardial segments can lengthen in a direction not monitored by the caliper, no length change being apparent, but with the action potential still changing. The reverse is less likely but possible. An electrical recording which is obtained from a relatively unstrained bit of myocardium could then explain the isolated observation of a segment length change with no change in potential.
Electrical Effects Related to the Recorded Changes in Potential
Threshold Depolarization
If the depolarizing afterpotential observed during isovolumic contraction is nonartifactual, it may be expected to be capable of reaching threshold to initiate a propagated action potential. Figure 5A again shows the steepening of the plateau phase with whole ventricle contraction and the depolarizing afterpotential with whole ventricle relaxation (as designated by the decline in intraventricular pressure). In Figure 5B , this depolarizing potential reaches threshold and produces an action potential capable of initiating a contraction.
Although the afterpotentials or the points at which threshold are reached in Figure 5B are somewhat larger than in Figure 5A , the last potential, d, was the largest of all. Yet no action potential has propagated. The explanation for the last observation, made in several preparations, is speculative at present. It is possible, first, that ionic fluxes accompanying mechanically induced multiple extrasystoles alter the immediate extracellular environment and thus produce conditions which change the threshold. Second, the cells that actually reached threshold may have been distant from the electrode and many have shown, at the time of recording potential d, a potential of reduced amplitude.
Microelectrode Recordings
The action potentials obtained by suction electrodes are proportional to intracellular potentials but are reliable in following slow changes in potential. 10 However, during the changes in length of the epicardial segments there is inevitably distortion at the tissue-electrode interface. Thus the current flowing into the electrode may vary either by a reduction in the number of cells contributing to the current or by a change in the extracellular shunting resistance. Some confirmatory studies were therefore thought necessary and were done on isolated strips of myocardium using microelectrodes.
It was technically difficult to keep an electrode impaled in a single cell and record reliably while imposing rapid mechanical changes on the muscle. (A success rate of 1 in 60 attempts has been quoted in cat papillary muscle with larger cells".) However, the measurement of the duration of action potentials was attempted in these experiments, for even if the full resting potential was not recorded, the duration of the action potential at 80% repolarization was identical with that of an action potential obtained with a good impalement. Action potential durations could thus by compared reliably at two different lengths: at slack lengths and at lengths at which near maximum tension was produced (Lmax)-Using several different impalements, making 16 observations in two preparations, action potential duration at a slack length was 864 ± 106 (mean ± SD) msec and, at near Lm ax , 790 ± 140 msec (P < 0.001 by Student's Mest).
A good example of a change in action potential duration associated with extension of a muscle from a length at which little active tension is produced to a length less than Ln, ax is seen in Figure 6 . The two action potentials are consecutive and superimposed, being obtained from the same impalement, and the action potential duration is clearly reduced with stretch.
Although changes in action potential plateau, with alterations in length, were clearly demonstrable, consistent changes in resting potential or the production of afterpotentials following mechanical changes were less obvious. It was extremely difficult to stretch a muscle at rest and keep the electrode impaled so that, when releasing the muscle, the control, full resting potential was reestablished. With resting potentials more negative than about -40 mV, a depolarization was the predominant response with a transient stretch (Fig. 7) . This response could be explained by the electrode coming out and reimpaling the cell. However, even with short duration stretches confined to less than Lmax, a n e w propagated action potential that produced an active tension could be generated (Fig. 7) , which is in keeping with a depolariza- tion being real and reaching threshold to activate contraction. A stretch induced "extrasystole" was seen in every isolated strip in which it was sought (n > 40).
Insulated Gap Recordings
In view of the limitations in interpreting the records with suction electrode and some of the microelectrode recordings, particularly the depolarization on stretch, a third method of recording was used. 13 In this method, one end of the muscle was firmly held in an insulation gap while the mechanical changes were obtained via the other end. The electrical recordings were transgap potentials. Changes in action potential duration, recorded across the insulated gap (inset, Fig. 6 ) were again confirmed with length changes of the same magnitude as used with the microelectrode studies. With this technique of recording, several transient stretches could be given at different times during consecutive action potentials. Brief repolarizations were seen during the action potential, and transient depolarizations were again produced with stretch which also could be accompanied by new action potentials as if the depolarizations reached threshold (inset, Fig. 7 ). There was a period during activity in which a stretch produced no electrical effect.
Changes in the Electrogram of the Intact Ventricle
The Q-T interval and T wave of the electrocardiogram represent the extracellular voltage manifestations of the repolarization wave through the ventricle as a whole, and, as has been seen, mechanical changes are associated with alterations in cellular repolarization.
If, therefore, different segments of ventricular wall have different mechanical behavior during isovolumic compared with isotonic contraction, then contraction under the two conditions should produce different repolarizing rates and vectors. That is, the time course of the repolarization wave through the intact heart (Q-T interval) may be altered. The localized changes in action potential should therefore be reflected in the electrogram, and Figure 8 shows an example of this. The superimposed tracings of the action potentials show both the steepening of plateau (accelerated initial repolarization) and depolarizing afterpotential previously described with isovolumic contraction. The associated electrocardiogram has a shorter Q-T interval and reduction in T wave amplitude compared with auxotonic contraction.
Simulated Mechanical and Electrical Changes in the Intact Ventricle (Intraventricular Injections)
The changes in segment length seen in isovolumic contraction do appear to be associated with alterations in the shape of the action potential. Further, imposed changes in length of an isolated strip of myocardium affect the recorded potentials. It is possible, therefore, that similar electrical effects might be generated if some of the mechanical changes in the epicardium were produced artificially. An experiment was therefore performed in the intact ventricle analogous to that in the isolated strip (see inset, Fig. 7 ). This was done by injecting small volumes of Ringer's solution into a ventricle contracting isovolumically at a small diastolic volume. The ventricle was not distended beyond its normal diastolic volume and the injections, followed by withdrawals, were given at different times during the cardiac cycle. The results are seen in Figure 9 . In all the sections of this figure, the first contraction took place at a small, unchanged intraventricular volume during which time the epicardial segment contracted, the intraventricular pressure rose, and the action potential had a normal configuration. When an injection and withdrawal were made early in the cycle, V 2 in Figure 9 , stretching the segment to L2 and increasing the intraventricular pressure to P 2 , there was a transient decrease in the amplitude of the plateau of the action MECHANICALLY DEPENDENT POTENTIAL CHANGES/Lafc 525 20 mV
FIGURE 8 Superimposed traces of electrocardiogram (bottom trace) and action potential (top trace) during isotonic contraction (solid lines) and isovolumic contraction (dotted lines). The action potential shows the previously observed initial acceleration of the plateau phase followed by the depolarizing potential. The ECG of the isovolumically contracting ventricle has a shorter Q-T interval and a lower amplitude T wave than the auxotonically contracting ventricle.
potential (A 2 ). If the injection was made near completion of repolarization, the potential change had the opposite polarity producing a transient depolarization ( Fig. 9 ). It is clear that a period should exist during the action potential when an injection has no effect. Such a period would be a transition between the early repolarizing and later depolarizing effects of the injections. Figure 9 demonstrates a period during which even a larger injection than in parts A and B has no effect on the plateau of the action potential. The depolarizing potential seen in Figure 9 also may be associated with the generation of a new action potential, mechanically induced, as was also observed with the isolated strip ( Fig. 7) . This is demonstrated in Figure 10 . The earliest of the intraventricular injections (part A) is associated with a relatively small depolarizing potential as compared with parts B and C where the injections were given later in the cycle. However, the mechanically induced depolarization in part D is accompanied by a new action potential. The epicardial and isolated strip studies thus largely complement each other.
The investigations center on the paradoxical movements of epicardial segments during contraction. Spontaneous lengthenings during isovolumic contraction are observed, mimicked by externally imposed increases in volume, and are accompanied by changes in action potential. The changes during the plateau phase, per se, are directional, and a longer or lengthening segment has a repolarizing tendency compared with a segment that shortens, which has a longer duration action potential (polarizing tendency). Kaufmann et al. 6 observed in cat papillary muscle a prolonged action potential when the muscle is allowed to shorten and, when the muscle contracted isometrically, an acceleration of repolarization. To make a more direct comparison between the former results and the present investigation, a ventricle was made to contract isovolumically at normal end-diastolic volume (Fig. 11 ). During the next action potential, the ventricle was emptied and immediately refilled on completion of repolarization. The duration of the action potential associated with the empty ventricle is prolonged as compared with the action poten- FIGURE 9 Parts A, B, and C. Effect of transient increases of intraventricular volume at various times in the cardiac cycle during normal isovolumic contraction. In each part of the figure, V t is a small intraventricular volume (end systolic); L x the change in length of the epicardial segment (upward deflection is shortening); P, intraventricular pressure; A, action potential with normal time course. Again in each part, a transient rapid increase in intraventricular volume, V 2 , produces the mechanical effect of lengthening the epicardial segment, L 2 , and increasing the intraventricular pressure, P t . Although the mechanical changes in each part of the figure have the same direction, the effects on the action potential differ: transient repolarization when the injection is given early in plateau phase (A 2 in part A); and the opposite, namely transient partial depolarization, when the injection is given near completion of repolarization (A 2 in part B). Between these times an even larger injection has no effect (A? in part C). (top traces) . The depolarizing potential becomes progressively more distinct as the increase in volume takes place later during the repolarization phase (parts A, B, and C) . In part D, however, the depolarization is immediately followed by a new action potential.
tial of the ventricle with the greater volume, when repolarization is accelerated.
Discussion
It is suggested (for reasons outlined below) that the observed changes in recorded potential, following the mechanical changes, are the result of changes in ionic currents. The changes in duration of the action potential are probably a true reflection of cellular events, for first, suction electrodes are a reliable method of following the time course of the repolarization phase of the cardiac action potential, and second, both the insulated gap and intracellular recordings also show changes in duration. In addition, the electrocardiogram shows changes in Q-T interval and T wave, both manifestations of altered ventricular repolarization as a whole (see also Stauch 1960cited in Ref. 3 ). These ECG changes cannot be explained simply by a shift in direction of the repolarization vector 20 0.1 ml 500 ms.
FIGURE 11
Effect on action potential of reducing ventricular volume. The ventricle was made to contract isovolumically at its normal end-diastolic volume (V,). The action potential at this volume was A,. During the next contraction, the ventricle was rapidly emptied to V 2 and then rapidly refilled. The action potential duration increases to A 2 during the change in volume.
in relation to the recording leads, for example by the rotation of the heart during contraction, for the T wave and Q-T interval changes are always in the same direction, i.e., smaller on isovolumic contraction at normal enddiastolic volume. Furthermore, the Q-T interval per se is a chronological measurement and is unlikely to be influenced significantly by a change in amplitude or direction of the repolarization vector. The changes are therefore more likely to be due to a true alteration in the time course of the ventricular repolarization gradient.
The depolarization is more difficult to interpret, for although it was seen by means of three different recording techniques, each depolarization could be explained by recording artifact. The depolarization seen with the suction electrode could be>a manifestation of a distortion at the tissue-electrode interface and altered current flow between the recording and indifferent electrodes. The changes in resting potential observed with microelectrodes could be a result of the electrode leaving and reimpaling the cell. In fact stable resting potentials have been observed despite changes in length (e.g., Fig. 6 ). [To explain the last observation one would have to postulate that a significantly larger extension of the muscle is needed to alter the resting potential than to change the action potential duration. This possibility is qualitatively in keeping with the graph in Figure 3 and the relatively large extension required to depolarize the muscle to threshold (inset, Fig. 7) ]. Finally, the mechanical disturbances, using the insulating gap technique, may produce changes in current flow in and around the gap and thus simulate depolarization.
However, the implications of stretch-induced depolarizations in ventricular muscle are important. Therefore, in view of the above pitfalls in interpretation, additional points in favor of the depolarization not being artifact are worth summarizing even though these points should be treated with caution. To begin with, the depolarizations observed with stretch are in keeping with other observations on Purkinje fibers 18 ' 19 and papillary muscle, 19 using microelectrodes. Stretch also produced depolarization ca-pable of reaching threshold in ventricular muscle. 19 (The last two publications were not concerned with action potential durations per se.) Furthermore, predictions on the expected behavior of the myocardium, based on the results being a true reflection of changes in resting membrane potential, are verified by two observations in these present experiments. First, it is significant that the depolarizing effect, observed by using all three recording techniques when the muscle elongates during relaxation, can apparently reach threshold and be followed by an "extrasystole." Second, this new action potential often has a reduced amplitude, as is expected when the membrane is partially depolarized. One cannot exclude the possibility however that "stretchsensitive" cells of the pacemaker type may conceivably be found in frog ventricle. If one allows that the length of the segment of muscle fibers was adjusted to be near the physiological optimum (U, ax ), then the final length reached when the segment was stretched, for threshold depolarization, agrees with that found in the isolated ventricular strip.
The above observations and arguments taken together with results of previous experiments strongly suggest that the recorded electrical changes between isovolumic and free-loaded contractions are a true reflection of altered current flow across membranes and, considering the electrocardiographic changes, between groups of cells, in the intact frog ventricle. Furthermore, the epicardial movements under these two conditions show that the mechanical behavior between groups of cells also differs. This is simply because epicardial fiber lengthening in one section of the myocardium, when taken together with a rise in intraventricular pressure, necessitates shortening and tension development in other sections of the myocardium. These experiments are not as far removed from the physiological situation as they first appear. In fact, comprehensive studies of epicardial strains have been carried out by Fischer et al. 16 and Dieudonne and Jean, 17 who also found positive strains (lengthening) during the normal isovolumic phase of contraction of intact dog ventricle. The segments thereafter showed some shortening during isovolumic relaxation.
Having demonstrated that both mechanical and electrical behavior in a particular segment alters at the same time, the question arises as to whether they are causally related and, if so, what mechanisms are involved. It is clear from the effects of stretches on isolated strips (Figs. 6 and 7), as well as the intraventricular injections in Figures 9 and 10 and other experimental situations, 6 that the mechanical change precedes and thus is somehow related to the electrical change. This observed time relationship, together with the evidence described above, is compatible with the existence of a "mechano-electric coupling" in ventricular cardiac muscle. Some "contraction-exitation-contraction" coupling has been described by Kaufmann et al. 6 Keeping cat papillary muscle at a longer (isometric) length results in an abbreviated action potential duration as compared with a muscle that is allowed to shorten (isotonic contraction). The direction of electrical change is identical to that seen in the present studies where isovolumic contraction is accompanied by a shorter action potential than an auxotonic contraction. The switch from isometric to isotonic contraction in the studies on papillary muscle resulted in a small positive mechanical staircase. This mechanical transient may be attributable in part to the same mechanism that causes the transients when the action potential is electrically prolonged. 20 Small pressure or segment length staircases were occasionally observed in the intact frog when altering the mechanical conditions of contraction. To determine whether these small mechanical changes are related to ionic fluxes across the membrane or to the viscoelastic properties of cardiac muscle needs further investigation. In this context, it is worth noting that a prolongation of the action potential in frogs affects only the immediately accompanying contraction and not the subsequent beats;-" i.e., no tension transients follow. It therefore may be difficult to ascribe the transients that were occasionally seen in these experiments to changes in the action potential per se.
It is appropriate at this stage to begin speculation as to what architectural alteration, cellular or molecular, could take place during the imposed mechanical disturbance to influence the membrane potential. It is significant in this context that both the active state (tension development) and membrane conductance are altered by changes in membrane potential. The calcium ion, implicated in both active state and membrane phenomena, 12 could play a role and the time course of repolarization be influenced by a change in membrane properties or internal calcium ion kinetics as a result of the mechanical changes. This change in active state and internal calcium would in turn affect ionic flux across the membrane either directly or indirectly. There is, in fact, considerable evidence that calcium release in muscle may be mechanically dependent or length dependent 21 " 27 and that changes in internal calcium can alter the outward potassium current. 28 One could speculate further that the calcium ion could be related to the depolarization observed when stretching the muscle at rest again, either by direct or indirect action. Gordon and Ridgeway 27 have found in the single barnacle muscle fiber a length-dependent electromechanical coupling in which a depolarization produced by stretch is calcium mediated. It is thus conceivable that mechanical stress or strain in the membranes of the ventricular muscle could alter the ionic permeability of the membranes thus changing membrane potentials.
Hypotheses alternative to the preceding one are more speculative and will be only briefly recounted, as they are discussed in more detail elsewhere. 14 First, bearing in mind the possible involvement of the active state mentioned above, a link between a mechanically induced change in the muscle and membrane phenomena could be "energetically" mediated, either by cyclic AMP, or ATP. 29 " 31 Second, the immediate extracellular spaces and/ or sarcoplasmic reticulum may be distorted such that an altered diffusion or accumulation of some ion therein could influence the membrane potential to produce potentials analagous to those described under certain conditions with skeletal muscle. 32 " 34 Further discussion concerning the mechanism of "inechano-electric coupling" must await more direct experi- VOL. 42, No. 4, APRIL 1978 mental evidence. However, if there is sufficient evidence at this stage to support the hypothesis that some forms of "mechano-electric coupling" or mechanically dependent potential changes are to be found in cardiac ventricular muscle, then it is necessary for the hypothesis to fit or explain existing observations. It is thus important to outline the possible role and context of this phenomenon in cardiac ventricular muscle. First, it has suggested that there is a localized control system, operating on a beat-tobeat basis, in which the length-tension relations of cardiac ventricular muscle may influence the duration of the immediate and ensuing action potentials and active state. 6 This mechanism probably is closely related and in fact works in the appropriate direction to be in keeping with the mechanical changes described by Jewell and Rovell. 35 Second, the observation that different degrees of shortening or tension development of ventricular muscle are associated with varying rates of repolarization, as indicated by the duration of action potentials, may be one of the determinants of the ventricular repolarization gradient. This repolarization vector (T wave) is normally in the same direction as the QRS vector and thus deflects in the same directions in the electrocardiogram. The T wave direction indicates, in part, that the epicardial fibers repolarize faster than the endocardial fibers, and it has been suggested 36 that this observation is related to the fact that the epicardial fibers shorten less than the endocardial fibers. 37 This point cannot be more than a suggestion at this stage, for no systematic study has been done on the time course of these action potential changes following mechanical changes, over a prolonged period of time.
Finally, mechano-electric coupling may have important clinical relevance. It is now well established that there can be exaggerated inhomogeneity of ventricular wall contraction after a myocardial infarct. 38 -39 It is feasible that the ventricular dysynergy which can follow such an episode results in an appropriately timed deforming stretch of the surrounding viable myocardial tissue to produce ectopic beats or extrasystoles and thus facilitate ventricular arrhythmias.' 10
